A double-blind randomized crossover study was performed with nineteen normal-weight men to investigate the effect on subsequent ad libitum food intake of replacing 29 g sucrose with 29 g D-tagatose as sweetener to a breakfast meal. D-Tagatose is a malabsorbed stereoisomer of fructose with potential application as a bulk sweetener. Food intake was measured at lunch offered 4 h after the breakfast meal, during the afternoon with access to abundant snacks, and ®nally at a supper buffet 9 h after the breakfast. Energy intake at lunch and during the snacking period was similar after ingesting the two sugars, while it was 15 % lower after ingesting D-tagatose than with sucrose at supper (P , 0×05). Gastrointestinal factors such as the osmotic effects of unabsorbed D-tagatose causing distension of the gut might have mediated the acute appetite-suppressing effect. The present paper also refers to data from a preceding study in which we observed an increased self-reported energy intake after ingestion of D-tagatose compared with sucrose which, in fact, suggests a relative hyperphagic effect of D-tagatose. However, self-reported food intake may be biased by selective under-reporting and this subsequent study with a more controlled assessment of food intake was therefore conducted. This present study did not support any hyperphagic effect of D-tagatose, but rather suggests that D-tagatose may contribute to a reduced energy intake.
Arti®cial sweeteners have been incorporated into diets for overweight human subjects to reduce their body weight. Some (Rolls, 1991) , but not all , studies have shown that the replacement of natural sugars with intense sweeteners such as aspartame can reduce total ad libitum energy intake. Furthermore, aspartame has been shown to introduce a minor weight loss when replacing sucrose during ad libitum energy intake (Raben et al. 1996) , and to facilitate long-term weight maintenance after weight loss (Blackburn et al. 1997) .
As an alternative to intense sweeteners, the so-called bulk sweeteners have been introduced onto the market. They consist of modi®ed monomers or dimers of common sugars such as sugar alcohols, or stereoisomers of fructose, and they have a sweetening effect similar to or lower than that of sucrose. They possess a reduced net energy content compared with natural sugars due to a poor digestibility and/or absorption as their special structure makes them resistant to intestinal enzymes or carrier mechanisms. However, these compounds may to some extent be absorbed and affect appetite by their metabolism. In this context, the degradation of particular sugars in the liver may be most important. Thus, the apparently greater satiating power of fructose compared with glucose has been speculated to be associated with the fact that most of the fructose, in contrast to glucose, is metabolized in the liver (Moyer & Rodin, 1993) . Generally, hepatic metabolism of different metabolites seems strongly to affect appetite (Scharrer & Langhans, 1988) .
Due to their unusual structure, the rate of each step in the degrading process may differ from that of their corresponding common isomer and this may cause metabolic perturbations in the liver which may modify hunger signals. Another factor which may affect hunger after ingestion of rare sugars is the short-chain fatty acids produced by their fermentation if they are malabsorbed. We therefore found it relevant to study the impact on food intake of a rare ketohexose in human subjects. The present study investigates the effect of D-tagatose, a malabsorbed stereoisomer of D-fructose, on subsequent ad libitum food intake. The study was performed subsequent to another study which showed an increase in self-reported energy intake when 29 g sucrose was substituted with 29 g D-tagatose (unpublished results). However, food intake data in that study were based on self-reporting which may be inaccurate due to recording errors by the subjects. We therefore found it crucial to perform a study where the appetite effect of D-tagatose was studied by the more controlled buffet approach.
Methods
Twenty male medical students were recruited, of which one subject was excluded due to headache on the second test day. Body weight, BMI and age of the remaining nineteen subjects were 78×2 (SEM 1×8) kg, 24×0 (SEM 0×5) kg/m 2 and 25×7 (SEM 0×9) years respectively. Only subjects who were able to tolerate 30 g D-tagatose orally without noteworthy gastrointestinal symptoms in a preceding screening test were included.
The dose of D-tagatose (29 g) or sucrose (29 g) was added to a 1×6 MJ conventional continental breakfast consisting of yoghurt with cereals, buns with butter, jam, cheese, and orange juice. The jam served with the yoghurt and bread contained the test sugar. The two tests were conducted in a double-blind, balanced and randomized design separated by 4 d or more. The breakfast was served after a 12 h fast and was consumed within 20 min. Subsequently, the subjects remained in the dining room for 4 h where they were supervised while they were reading study textbooks, but they were allowed to use the rest room. No food or water consumption was allowed during that period. After the 4 h, a lunch was presented consisting of noodles and minced meat which had been thoroughly mixed before it was served. The subjects were instructed to eat ad libitum until they felt comfortable and not to be concerned about leftovers. The subjects ®lled their plates from a large saucepan with an abundant quantity of the homogeneously prepared meal. The subjects could re®ll their plates as many times as they wished. The plates were weighed before and after each ®lling, and when lunch was terminated. Water, which was the only beverage allowed with lunch, was supplied ad libitum, and the intake was weighed.
After lunch, the subjects were free to leave the department and resume their habitual activities, or they could remain in the lunch room. To provide constant access to abundant food between lunch and supper, the subjects were supplied with an insulated cool-box containing different snack items (Table 1) . They were instructed to eat as much as they pleased of the items in the box at any time, and to put leftovers and wrappings back into the box for re-weighing. Apart from the contents of the snack box, the subjects were allowed to drink tap water, but were instructed to measure its volume using a measuring-cup which was placed in the box. The subjects returned to the department for supper 5 h after lunch. The supper consisted of a buffet which was abundant with rissoles, hot potatoes, hot peas, white bread, hot tomato sauce, hot parsley sauce, butter, sandwiches with egg salad, sandwiches with smoked ham, cucumber, apple pie, ice cream, tap water, carbonated water, yellow and red fruit syrups. The subjects were instructed to eat as much as they pleased from all the items until they felt comfortable. No time restrictions for lunch and supper were imposed on the subjects. All subjects consumed the meals in the same room, but the commencement of the tests was separated by at least 20 min between the different subjects to minimize inter-subject interactions at the supper buffet. The ®rst breakfast meal commenced at 08.00 and the last at 09.00 hours, with a maximum of ®ve subjects each day. Each subject had his meals at the same time in the two different tests. During all the meals, the subjects were separated by more than 4 m, and were not allowed to communicate with each other. Intakes of energy and of macronutrients for each day were calculated by DANKOST version 2.0 dietary assessment software (Danish Catering Centre Ltd, Sùborg, Denmark). However, as the recipes used for rissole preparation may vary substantially, energy content of this component was determined by bomb calorimetry.
Gastrointestinal symptoms (heartburn, distention, nausea, vomiting, stomach-ache, rumbling in the gut,¯atulence and diarrhoea) during the test days were reported on questionnaires by rating symptom severity on a ®ve-level scale.
The study was approved by the Municipal Ethical Committee of Copenhagen and Frederiksberg, Denmark.
Statistics
Data are presented as means with standard errors of the means. Differences in intake were analysed by paired t test. Statistical analyses were performed with STATGRAPHICS version 4.2 (Graphic Software Systems, Rockville, MD, USA). P values , 0×05 were regarded as signi®cant.
Results
Energy intake was similar in the two tests at lunch and during the snack period, but lower at supper after D-tagatose (Table 2) . Total energy intake after breakfast did not differ between sucrose and D-tagatose suggesting that no later compensation occurred for the putative reduction in net energy content introduced by the lower metabolizable energy of D-tagatose compared with sucrose (Table 2) . Thus, by assuming that net energy of D-tagatose is 50 % of that of sucrose the energy de®cit of 242 kJ was compensated for by -490 (SEM 467) kJ or -202 % by the subsequent meals. However, the total difference in calculated net energy intake of 732 (SEM 467) kJ (= 242 kJ + 490 6 467 kJ) did not reach statistical signi®cance (P 0×07). The lower energy intake at supper after D-tagatose could not be particularly attributed to differences in the consumption of the major dishes or desserts (Table 3) . Macronutrient composition of total post-lunch food intake was unaffected by the nature of the experimental sugar (Table 4 ). However, when the post-lunch food intake was subdivided into snack and supper, fat intake as a percentage of energy intake at supper was lower after Dtagatose (Table 4 ). The sum of lunch and snack liquid consumption was 11 % higher after D-tagatose (P , 0×05). However, this was partly compensated for by a lower liquid intake with the supper (Table 5 ). The difference in fat intake as a percentage of energy intake combined with the differences in liquid intake resulted in similar energy densities of the total supper intake (D-tagatose v. sucrose: 3×85 (SEM 0×20) v. 3×90 (SEM 0×21) kJ/g).
No major gastrointestinal symptoms were reported except for two cases of moderate nausea and one case of stronḡ atulence after D-tagatose.
Discussion
A lower intake at supper (-15 %) was found when 29 g sucrose was replaced by the same amount of D-tagatose as sweetener to a breakfast. This apparent appetite suppressing effect of the sugar may be attributable to gastrointestinal factors. Absorption of D-tagatose is poor (Lñrke & Jensen, 1999) and this may result in intestinal distention due to accumulation of¯uid caused by the increased osmotic pressure of the intestinal juice. That D-tagatose causes water retention is supported by the previous ®ndings of a higher plasma albumin concentration after intake of a 30 g D-tagatose solution relative to D-fructose or plain water (Buemann et al. 2000) , indicating a haemoconcentrating effect. Haemoconcentration, in turn, increases water intake by stimulating thirst, as demonstrated in the present study by the greater liquid intake for the lunch + snack period. The increased liquid intake may have contributed to satiety by increasing gastric distention. An exaggerated response after D-tagatose on the intestinal hormones like glucose-dependent insulinotropic polypeptide, glucagon-like peptide-1 or cholecystokinin seem less likely to explain the appetite suppressing effect of the 229 D-Tagatose and ad libitum food intake sugar, as the previous study using a similar dose of Dtagatose showed an attenuated response compared with fructose in these hormones until 7 h post-dose (Buemann et al. 2000) . The unlimited access to palatable food in the present study may have introduced overconsumption. Total energy intake including breakfast in the sucrose trial was 31 % higher (P , 0×0005) than 1×55´resting energy expenditure which has been suggested as the energy requirement for a sedentary lifestyle (Black et al. 1991) . Resting energy expenditure was individually calculated from body weight, height and age of the subjects (Mif¯in et al. 1990 ). Most of the subjects were sedentary during the experimental day as the majority remained in the dining room. The fact that snack intake during the afternoon alone exceeded 5 MJ suggests a passive overconsumption, promoted by the free access to highly palatable snacks. Thus, the lower intake at supper after D-tagatose was demonstrated after a sedentary 5 h period with a very high consumption of snacks rich in carbohydrates, which may have suppressed hunger both after sucrose and D-tagatose. The observed trend of a reduced energy intake after D-tagatose contrasts with the ®nding of a 30 % higher (P = 0×006) post-lunch energy intake after D-tagatose in the self-reporting study, which was performed with thirty-three subjects and had a protocol identical to the present study, except that assessment of food intake after lunch was based on weighed dietary records (Buemann et al. 2000) . The validity of the result of the selfreporting study may be questioned, as self-reported food intake may be inaccurate due to under-reporting also in normal-weight subjects (Livingstone et al. 1990 ). However, if the higher energy content of the self-reported intake after D-tagatose should be explained by inaccurate recording the error must be biased with respect to treatment. One possible mechanism may be that the subjects are feeling more satiated after D-tagatose, and therefore less inclined to disregard part of their consumption. However, a greater satiation cannot be con®rmed as appetite variables were not measured after the subjects left the department. The effect of D-tagatose on self-reported food intake may depend on the contemporary intake of other foods as no increase in self-reported food intake was observed in a previous study after D-tagatose compared with fructose or plain water when it was administered to fasting subjects dissolved in water as the only nutrient (Buemann et al. 2000) . The observation of increased food intake by Dtagatose would be in agreement with ®ndings that 2,5anhydro-D-mannitol, another fructose derivate, increases food intake in rats . 2,5-anhydro-Dmannitol has a phosphate-trapping capacity (Riquelme et al. 1984 ) like D-tagatose (Vincent et al. 1986 ). The hyperphagic effect of 2,5-anhydro-D-mannitol has been found to be accompanied by a 37 % reduction in the ATP level in the liver and it has been suggested that a declining ATP level in the liver is an important hunger signal (Friedman, 1997) . By using 31 P magnetic resonance spectroscopy we have recently demonstrated an approximately 12 % reduction in hepatic ATP in human subjects after 30 g D-tagatose was given orally as a watery solution (B Buemann, H Gesmar, A Astrup and B Quistorff, unpublished results) but the ATP level was back to normal after 3 h. The increased intake after D-tagatose in the self-reporting study (B Buemann, S Toubro, A Raben and A Astrup, unpublished results) was not observed at the lunch given 4 h after the load but only in the post-lunch periods where it also persisted during the subsequent day. In contrast, in Rawsons & Friedman's (1994) study the eating response to 2,5-anhydro-D-mannitol was elicited contemporary with the decline in hepatic ATP. For this reason, the presence of a hyperphagic effect directly elicited by a D-tagatose-induced ATP depletion does not seem likely to explain the greater food intake unless the absorption of D-tagatose was delayed or increased by the breakfast meal given with the load. However, such a profound effect of the modest breakfast meal on the absorption of D-tagatose does not seem plausible. However, a hyperphagic effect might be a result of later perturbations eventually secondary to an ATP depletion. In any case, the hyperphagic effect of phosphate trapping keto-hexoses may be counterbalanced with oral administration by gastrointestinal factors or may vanish with adaptation since a reduced, rather than increased food consumption, has been reported in a rat study where 20 % of the chow was replaced by D-tagatose during a 90 d period (Kruger et al. 1999) . Furthermore, no increase in body weight or fat mass was observed in a study on human subjects where 30 g D-tagatose was consumed during 14 d (Buemann et al. 1998 ). Fructose, with a similar in structure to D-tagatose, is also reported to have a suppressant effect on subsequent food intake, although the research is not conclusive (Moyer & Rodin, 1993) . The proposed underlying mechanisms include delayed gastric emptying, concentrations of plasma glucose and insulin and hepatic metabolism. The mechanisms for the appetite suppressant effect of D-tagatose may be different from that for fructose as only about 25 % is absorbed in the small intestine (Lñrke & Jensen 1999) .
Conclusion
The different outcome between the self-reporting study (unpublished results) and the present study with controlled food intake measurements may re¯ect the sensitivity of appetite studies. Underlying experimental factors such as how food consumption data are collected and general food availability might be very important to determine the ®nal outcome when the effect on energy intake of a particular substance is tested. The effect of regular D-tagatose consumption in`real-life' is therefore still unclear. Moreover, further research is needed to elucidate mechanisms behind possible hypo-or hyperphagic effects of D-tagatose.
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